Abstract. Although tamoxifen is the most common and effective therapy for treatment of estrogen receptor-α (ER-α) breast cancer patients, resistance of endocrine therapy occurs, either de novo or acquired during therapy. Here, we investigated the clinical value of epidermal growth factor receptor (EGFR) in tamoxifen-resistant (TamR) patients and the differential effect of EGFR inhibitors, neratinib and gefitinib, on TamR breast cancer cell model. The morphology of TamR MCF7 cells showed mesenchymal phenotypes and did not induce cell death by tamoxifen treatment compared with tamoxifen-sensitive (TamS) MCF7 cells. In addition, mesenchymal marker proteins, including N-cadherin (N-cad), fibronectin (FN), and Slug, significantly increased in TamR cells. In contrast, ER-α and E-cadherin (E-cad) were greatly decreased. We also found that the levels of EGFR and HER2 expression were increased in TamR cells. Furthermore, we observed that EGFR expression was directly involved with poor prognosis of tamoxifen-treated breast cancer patients using the GSE1378 date set. Thus, we treated TamR and TamS cells with EGFR inhibitors, neratinib and gefitinib, respectively. Interestingly, neratinib induced apoptotic cell death of TamR but not gefitinib. Cleaved PARP-1 expression was also increased by neratinib treatment in TamR cells. Therefore, we suggest that neratinib may be a potential therapeutic drug for treating TamR breast cancer.
Introduction
Breast cancer is one of the most frequent cancers and the second leading cause of cancer deaths in American women (1) . Approximately 70% of breast cancers express estrogen receptors (ER) (1) . Εstrogen receptor-α (ER-α) is a very important prognostic marker for selecting an appropriate hormonal therapy (2, 3) . Breast cancers that express ER and/or the progesterone receptor (PR) are treated with targeted antiestrogen therapy such as tamoxifen (2, 4) . Adjuvant tamoxifen therapy is effective to prolong disease-free and overall survival of ER-positive breast cancer patients and induces the arrest of tumor progression in 50% of patients with breast cancer (5) . However, although anti-estrogen therapies targeting ER-α prevent disease recurrence in patients with hormone-dependent breast cancer, de novo or acquired resistance occurs during therapy (6, 7) . Thus, we investigated the effects of new therapeutic drugs for treatment of ER-positive breast cancer patients.
Acquired tamoxifen-resistant (TamR) cells developed from the parental MCF7 breast cancer cells, elevates some epidermal growth factor receptor (EGFR) ligands as well as the level of EGFR and HER2 receptors compared with tamoxifen-responsive MCF7 cells (8) . The heterodimerization of enhanced EGFR and HER2 triggers phosphorylation of downstream kinases, including ERK1/2 MAP kinase, Akt, and PKC-α (9) (10) (11) . In addition, EGF suppresses the expression and activity of the ER-α via the phosphatidylinositol-3-kinase (PI-3K)/Akt pathway in MCF7 cells (12) . In contrast, stable transfection of parental MCF-7 cells with a dominant-negative Akt mutant recovers ER-α expression and activity by 70-80% (12) . Generally, an inverse correlation between EGFR and ER-α was maintained at relapse on tamoxifen (13) . The acquired expression of EGFR during treatment plays an important role in the development of tamoxifen resistance in human breast cancer (14) .
In the present study, we evaluated the effect of EGFR inhibitors, neratinib and gefitinib, in tamoxifen-sensitive (TamS) and TamR cells. TamR cells showed mesenchymal phenotypes and highly expressed mesenchymal marker proteins, including fibronectin (FN), N-cadherin (N-cad), and Slug. In addition, the level of EGFR expression was significantly increased in TamR cells. Interestingly, neratinib, one of EGFR inhibitors, induced cell death of TamR but not gefitinib. Therefore, we demonstrated that neratinib treatment may be a promising therapeutic strategy to overcome tamoxifen resistance. UK). Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT, USA). Phenol red-free DMEM, penicillin (100 U/ml) and 100 mg/ml streptomycin were purchased from Life Technologies (Rockville, MD, USA). Neratinib and gefitinib were purchased from Selleck Chemicals (Houston, Tx, USA). 4 (8) . Briefly, to establish TamR, MCF-7 cells were washed with PBS, and the culture medium was changed to phenol red-free DMEM containing 10% charcoal-stripped steroid-depleted FBS (both from Life Technologies) and 0.1 mM 4-OHT. The cells were continuously exposed to this treatment regimen for 2 weeks, and the 4-OHT concentration was increased gradually up to 3 mM over a 9-month period. Initially, cell growth rates were depressed. However, after exposure to the medium for 9 months, the rate of cell growth increased gradually, indicating the establishment of TamR cells.
Soft agar colony formation assay. TamS and TamR cells
were seeded at a density of 5x10 4 cells/well in 6-well plates in growth medium containing 0.7% agar (1.5 ml/well) on top of a layer of growth medium containing 1.4% agar (2 ml/well). Growth medium (500 µl) with 10% FBS was added on top of the agar. The cell suspension was plated and cultured in a 37˚C incubator for 2 weeks. After 2 weeks, viable colonies were stained 0.01% crystal violet and then were observed using a CK40 inverted microscope (Olympus, Tokyo, Japan).
Flow cytometry analysis (FACS).
Apoptosis assays were performed with the Annexin V-fluorescein isothiocyanate (FITC) apoptosis kit-I (BD Pharmingen, San Diego, CA, USA), according to the manufacturers instructions. Briefly, cells (1x10 6 cells/ml) were collected and washed twice with PBS and then resuspended in 500 µl of staining solution containing 5 µl FITC-conjugated Annexin V and propidium iodide (PI). After incubation for 15 min at room temperature (RT) in the dark, cells were immediately analyzed on a flow cytometer. Apoptotic cells were double-stained with Annexin V and PI and then they were analyzed using the FACS Vantage system (Becton-Dickinson, San Diego, CA, USA). The percentage of cells undergoing apoptosis was determined.
Cell viability. To measure the sensitivities to EGFR inhibitors, neratinib or gefitinib, we analyzed using a Countess Automated Cell Counter (Invitrogen, Carlsbad, CA, USA).
Briefly, TamS and TamR cells (5x10 4 cells/well) were seeded onto 6-well plates. TamS and TamR cells were incubated in phenol red-free DMEM containing 10% charcoal-stripped steroid-depleted FBS without 3 µM 4-OHT and 2.5 µM neratinib or gefitinib, respectively for 24 h.
Western blotting. The cell lysates were used in the immunoblot analysis for PARP-1, E-cad, N-cad, FN, Twist, Slug, EGFR, HER2, and β-actin. The proteins were boiled for 5 min in Laemmli sample buffer and then electrophoresed on 8% or 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels. The proteins were transferred to PVDF membranes, and the membranes were blocked with 10% skim milk in TBS with 0.01% Tween-20 for 15 min. The blots were incubated with anti-PARP-1, ER-α, E-cad, N-cad, FN, Twist, Slug, EGFR, HER2, and β-actin antibodies (1:1,000 dilution) in 1% TBS/T buffer (0.01% Tween-20 in TBS) at 4˚C overnight. The blots were washed 3 times in TBS with 0.01% Tween-20, and they were subsequently incubated with anti-rabbit HRP-conjugated antibody (1:5,000 dilution) in TBS/T buffer. After 1-h incubation at RT, the blots were washed 3 times and ECL prime reagents were applied for further development.
Microarray data analysis. We downloaded expression data from a public database (GSE1378) and analyzed the clinical value of EGFR in tamoxifen-treated breast cancer patients.
Real-time polymerase chain reaction (RT-PCR).
Total RNA was extracted from the cells using TRIzol reagent (Invitrogen), according to the manufacturers instructions. Isolated RNA samples were then used for RT-PCR. Samples (1 µg total RNA) were reverse-transcribed into cDNA in 20-µl reaction volumes using a First Strand cDNA synthesis kit for RT-PCR, according to the manufacturer's instructions (MBI Fermentas, Hanover, MD, USA). Gene expression was quantified by real-time PCR using a SensiMix SYBR kit (Bioline Ltd., London, UK) and 100 ng of cDNA per reaction. The sequences of the primer sets used for this analysis are shown in Table I . An annealing temperature of 60˚C was used for all primers. PCRs were performed in a standard 384-well plate format with an ABI 7900HT Real-Time PCR detection system (Applied Biosystems, Foster City, CA, USA). The raw threshold cycle (C T ) value was first normalized to the housekeeping gene for each sample to obtain ΔC T . The normalized ΔC T was then calibrated to the control cell samples to obtain ΔΔC T . All cDNA samples were analyzed in 3 independent experiments. Statistical analysis. Statistical significance was determined using the Student's t-test. Results are presented as means ± standard errors. All P-values are two-tailed, and differences were considered significant at P<0.05.
Results and Discussion
To establish a new therapeutic strategy for treatment of TamR breast cancer, we analyzed differential characteristics of TamS and TamR breast cancer cell lines. In a previous study, breast cancer cell lines could be classified into four distinct morphological groups referred to as round, mass, grape-like, and stellate (15) . As shown in Fig. 1A , we also observed the morphological difference between TamS and TamR cells. TamS cells stacked up to form colonies and TamR cells scattered, in loosely-packed colonies, and had many branches. In addition, to assess the tumorigenicity degree of TamS and TamR cells, we examined the effect of tamoxifen on the ability of cells to form colonies using soft agar colony formation assays. The colonies of TamS cells were greatly decreased by 3 µM tamoxifen treatment while TamR cells still maintained colonies (Fig. 1B) . We also measured the apoptotic cell death of TamS and TamR cells by tamoxifen. Cells were treated with 3 µM tamoxifen for 24 h and examined by Annexin V/PI staining. As shown in Fig. 1C , the apoptotic cell population of TamS cells was significantly increased by 3-fold of control level. However, the apoptotic cell population of TamR cells was similar to control of TamS (Fig. 1C) .
In a previous study, tamoxifen resistance was associated with enhanced cell motility (16) . Antiestrogens also promote cellular invasion and motility in TamR breast cancer cells (17) . In addition, TamR MCF7 cells promote EMT-like behavior and inhibition of EGFR in these cells augments cell-cell adhesion (18) . Thus, we also investigated the relationship between the morphological change of TamR cells and EMT. Although the level of Twist expression did not change, the expression levels of mesenchymal marker proteins such as N-cad, FN, and Slug, was significantly increased in TamR cells (Fig. 2A) . In contrast, ER-α and E-cad expression (epithelial marker protein) was decreased in TamR cells (Fig. 2A) . Our results also showed that the mRNA expression of these proteins was similar with the patterns of proteins expression (Fig. 2B) . Therefore, we demonstrated that tamoxifen resistance is associated with the severe reduction of ER-α expression and the induction of EMT.
We observed that the levels of EGFR and HER2 proteins and mRNA expression were dramatically enhanced in TamR cells (Fig. 3A and B) . The levels of EGFR and HER2 mRNA expression were increased by 14.0-fold and 3.4-fold of control level, respectively (Fig. 3A and B) . Consistent with our data, the induction of growth factor receptors, such as EGFR and HER2 has been implicated in acquired resistance to endocrine therapy (19, 20) . Snail overexpressed cells are resistant to tamoxifen and increase the level of EGFR expression (21) . Next, we analysed the clinical value of EGFR expression in tamoxifen-treated breast cancer patients using public microarray datasets (GSE1378). Interestingly, patients with high EGFR expression levels showed significantly shorter relapse-free survival time (Fig. 3C, P=0 .000034). These results suggest that the level of EGFR expression plays an important role in tamoxifen resistance.
We investigated the effect of EGFR inhibitors, neratinib and gefitinib, in TamS and TamR cells. Neratinib (HKI-272, Pfizer; Puma Biotechnology) is a pan-HER receptor tyrosine kinase inhibitor (EGFR, HER2 and HER4) and binds irreversible to these kinases (22) . Gefitinib (Iressa; AstraZeneca Pharmaceuticals) is the first selective inhibitor of EGFR tyrosine kinase domain and is responsible for activating anti-apoptotic pathways in non-small cell lung cancers (23) . As shown in Fig. 4A , gefitinib did not affect the viabilities of TamS and TamR cells. The IC 50 value of gefitinib was ~20 µM concentration. However, neratinib significantly decreased the viability of TamR cells at 0.43 µM concentration but the viability of TamS cells did not change by 7.3 µM neratinib treatment (Fig. 4B) . Therefore, we demonstrated that neratinib prevents more effectively EGFR and HER2 signaling pathways as well as triggers apoptotic cell death of TamR cells.
To evaluate the tumorigenicity of TamR cells by EGFR inhibitors, we examined the effect of neratinib and gefitinib on the ability of cells to form colonies using soft agar colony formation assays. As shown in Fig. 5A , the colonies of TamR cells were completely decreased by 2.5 µM neratinib treatment while gefitinib-treated TamR cells still maintained colonies. Furthermore, one of apoptosis marker proteins, cleaved PARP-1 expression was also dramatically increased by neratinib treatment (Fig. 5B) . Finally, we also measured the apoptotic cell death of TamR cells by neratinib and gefitinib. Cells were treated with 2.5 µM neratinib and gefitinib, respectively for 24 h. The apoptotic cell population of TamR cells by neratinib was significantly increased by 4-fold of control level (Fig. 5C) . However, the apoptotic cell population by gefitinib was slightly increased (Fig. 5C) . Therefore, we suggest that neratinib may be a new therapeutic drug for treatment of TamR breast cancer.
